The well-being of human societies in many parts of the world is threatened by climate change. While climate change is global, impacts are local and regional, and vulnerability varies widely across communities, countries, and regions. Climate change awareness has been related to how willingly communities adapt to climate change; thus, identifying communities' awareness could help to gain insights into communities' willingness to adopt climate change policy. In this study, we use culturomics to analyze big data from Google™ search queries to group countries based on their awareness, potential willingness, and potential capacity to deal with climate change. We demonstrate that culturomics can be used to allocate countries along a typology gradient, ranging from high-risk and high awareness to low-risk and low awareness, to climate change. Furthermore, we identify a positive correlation between countries' climate vulnerability and awareness of climate change. As the Paris Agreement establishes a global goal to Benhance adaptive capacity, strengthen resilience and reduce vulnerability to climate change,^identifying countries' potential adaptive capacity to climate impacts is critical. Pairing culturomics insights with climate vulnerability is a novel approach to facilitate international climate change adaptation.
Introduction
Climate change is a global issue with local impacts. These impacts are expected to increase in severity over the coming years and decades (IPCC 2013) , putting many countries at risk. As extreme weather events and climate change pose increasing pressure in many countries, facilitating the climate change adaptation process is high on the policy agenda (UNFCCC 2015) . From this perspective, it is important to understand societies' awareness of climate change, as awareness has been linked to how receptive communities are to adaptation efforts (Marshall et al. 2013) . Globally, we know that there is a spatial mismatch in contribution to carbon emissions and climate change vulnerability (Althor et al. 2016 ), but there is limited understanding as to whether or not similar mismatches exist between vulnerability and societal awareness. The importance of facilitating climate change adaptation programs in vulnerable countries is clearly laid out by the United Nations in the Framework Convention on Climate Change (UNFCCC) agreement (UNFCCC 2015) . The Convening of the Parties (COP) 21 Paris Agreement also affirms the existing goal of mobilizing at least US$100 billion for adaptation per year by 2020 and commits to setting a higher collective goal for the period after 2025 (UNFCCC 2015) . Harnessing big data to gain insights into climate change awareness, the potential willingness to uptake interventions and countries' potential adaptive capacity is key to the efficient allocation of funding and resources, as awareness only facilitates the willingness to take up interventions, but resource availability allows for adaptation action to be taken (Stadelmann et al. 2014; Muccione et al. 2017; Cinner et al. 2018) .
To facilitate climate change adaptation, it is necessary to identify areas most at risk from impacts (Samson et al. 2011; World Resources Institute 2014) and understand the level of public awareness and risk perception of climate change in vulnerable communities (Adger et al. 2012; Cavanagh et al. 2016; Mills et al. 2016) . Awareness of the willingness to adapt to climate change has previously been investigated at the country or region level (Adger et al. 2012; Marshall et al. 2013) , and global assessments have only recently emerged (Haddad 2003; Lee et al. 2015; Knight 2017) . These assessments primarily use qualitative surveys to identify climate change awareness and risk perception, generally without identifying links between awareness, the willingness to uptake interventions, and the potential adaptive capacity. For example, coastal communities are particularly vulnerable to climate change as these communities generally rely heavily on natural resources, and those with a higher adaptive capacity tend to have the assets, flexibility, organization, leaning, and agency to facilitate adaptation (Cinner et al. 2018) . Elucidating global links between climate change vulnerability, climate change awareness, and adaptive capacity is needed to develop and facilitate effective climate adaptation programs (Marshall et al. 2013) .
Culturomics is the quantitative study of digital media to gain insights into human behavior and societal trends (Ladle et al. 2016 ). This approach is becoming increasingly common in fields such as political science, public health, and marketing (Wilde and Pope 2013) ; social media data, including Google data, have been used to predict flu breakouts (Burler 2013) to understand the role of racism in presidential elections (Stephens-davidowitz 2014) and to predict the sales success of new products (Lassen et al. 2014) . Within the environmental domain, culturomics approaches have been used to understand how society interacts with species (Correia et al. 2017) , understand public interest in conservation biology (Proulx et al. 2014) , investigate awareness and perceptions of climate change and global warming (Lineman et al. 2015; Cavanagh et al. 2016) , and more specifically how people respond to extreme or fluctuating weather events (Lang 2014; Lang and Ryder 2016; Sisco et al. 2017) . However, culturomics insights have not yet been coupled with global-scale climate vulnerability data to explore possible country-level links between public awareness, the willingness to uptake interventions, and potential capacity to adapt to climate change. Google search data offer a unique opportunity to examine the degree of overlap between perceived and actual vulnerability to climate change at a global scale.
Here, we use culturomics insights to identify countries' relative awareness of climate change and contrast this with their modeled climate change vulnerability (Samson et al. 2011) , in order to identify mismatches in climate change vulnerability and climate change awareness globally. Linking the risk of being impacted by climate change (climate vulnerability) to the awareness of climate change (salience of online climate change-related queries) and resource availability (World Bank Classifications derived from gross national income), we present the first global comparison of climate vulnerability and awareness and outline how these insights can help to facilitate future climate adaptation.
Methods
To identify countries' adaptive capacity to climate change, we gathered data on climate vulnerability, social awareness, and resource availability. Climate vulnerability data were provided by Samson et al. (2011) who developed two climate vulnerability indexes, one that reflects climate vulnerability and a more refined index, which incorporates demographic growth rates and emphasizes the spatial disparities between demographic trends and climateconsistent population growth (climate-demography vulnerability index, henceforth referred to as CDVI (Samson et al. 2011 ). This index combines population density data and climate variables, temperature (annual mean and mean diurnal range), and precipitation (annual mean and seasonality) from 2050 WorldClim projections (Hijmans et al. 2005 ) to calculate climate change vulnerability. Countries with a negative CDVI correspond to regions with unfavorable climate conditions (low-vulnerability situations where the demographic growth is lower than the climate-consistent population growth, as defined by Samson et al. 2011) , combined with high population densities and rapid population growth. For this study, we use the CDVI as our measure of climate vulnerability, as we expressed the Bpotential impact of climate change^as influenced by climate exposure and climate sensitivity (Cinner et al. 2018 ) (Supplementary Information 1).
To identify global awareness of climate change, we elicited search topic queries using the Google Trends platform (google.com/trends). We recognize that climate change affects countries differently, and thus, individuals from different countries using Google to seek specific information about climate change-related events or concerns may not Google Bclimate change^. Rather, they may use search terms such as Bwater availability^or Bflood insurance,f or example, that more directly relates to their concerns or experiences around climate change, or are more closely associated with adaptation or mitigation actions. However, we aim to provide a global assessment of climate change awareness; therefore, we selected Bclimate change^as our key search topic as its broadness enables us to capture as much related search data as possible. BClimate change^is not likely to be associated with other meanings, but is widely used to specifically refer to climate change in all countries, even when considering multiple languages (e.g., Italian,Bcambio climatico^; Spanish, Bcambios climaticos^; French, Bchangement climatique^; Vietnamese, Bbiến đổi khí hậu^; German, Bklimawandel^; see Supplementary Information 3). Search queries are first normalized within Google Trends against all the searches within the country, to account for larger countries, which may have higher absolute search counts. These normalized data represent the relative search volume (RSV), from 0 to 100. The RSV represents the online salience of a search term or topic query relative to the highest salience of that query within the time period selected (i.e., RSV values of 100 represent the period, or country, with the highest proportion of queries within a category for that period; thus RSV values of 50 represent the period, or country, with 50% of the highest search proportion within a category) (Lineman et al. 2015) . RSV can therefore be used as a proxy for public awareness of climate change, though not necessarily public opinion (Ripberger 2011) or attitudes toward climate change (Lineman et al. 2015) . We downloaded these data for the search topic Bclimate change^on 6/06/2018 and selected the option to include low RSV countries between 2004 and 2018. We also downloaded data as above for the time period June 2017 to June 2018 to explore the temporal sensitivity of these results. Additionally, we downloaded the top (overall most common queries searched including the term) and rising (recently popular queries searched including the term) Google search queries, which contribute to the RSV, to understand how users were interacting with Google (see Supplementary Information 3). We found that the majority of search queries for climate change related to learning more about the topic. Thus, we are confident that the RSV aligns with the magnitude of online awareness of climate change.
We used a bivariate choropleth mapping approach to identify four exemplar typologies for countries' awareness to climate change. Bivariate choropleth mapping compares a country's RSV of Bclimate change^search queries against their climate vulnerability (using average CDVI) and locates the intersection between these points within an indicated number of quartiles for both the RSV of Bclimate change^and climate vulnerability (Sachs et al. 2009; Hidasi-Neto et al. 2015) . To develop the four typology groups, we carried out the analysis using two quantiles, and for the visualization (Fig. 1) we used three quantiles to show a wider range of interactions (see Supplementary Information 4) . This resulted in a typology of four categories: (i) high-risk and high awareness (HRHA), (ii) high-risk and low awareness (HRLA), (iii) low-risk and high awareness (LRHA), and (iv) low-risk and low awareness (LRLA) (Fig. 1) . We used country classifications derived from gross national income (GNI) from the World Bank (2016) as a proxy for general resource availability (not climate changespecific budgets). Low-income economies are defined as those with a GNI of ≤ $1045 per capita; lower-middle-income economies are those with a GNI of $1045 to $4125 per capita; upper-middle-income economies have a $4125 to $12,736 GNI per capita; and high-income economies are those with a GNI of ≥ $12,736 per capita (The World Bank 2016). To determine the potential adaptive capacity of a country, we combine data from climate vulnerability, climate awareness, and resource availability. We conducted Pearson's rank correlation between climate change awareness (RSV) and climate vulnerability (CDVI), internet access, Gini coefficient (2005 Gini coefficient ( -2013 , inequality in life expectancy index, inequality in income index, inequality in education index, gross domestic product (GDP) (2015) and GDP at Purchasing Power Parity (PPP) (2015), green house gas (GHG) emissions (tCO 2 e), and Human Development Index (HDI) in the R software (R Core Team 2015)(see supplementary information 2 for data and source information). As the climate change awareness data are quite zero-inflated and the climate vulnerability data is slightly bi-modal, we applied methods that do not strongly rely on normally distributed data, the Theil-Sen estimator (using the R package Bmblm^), to determine significance of the correlation between RSV and CDVI. We also carried out outlier detection to identify deviations from the observed relationship. Finally, we conducted a geographically weighted regression in ArcGIS to test for spatial autocorrelation between climate change awareness and climate change vulnerability (see Supplementary Information 5, 6, 7).
Results
We identified mismatches between countries' climate vulnerability and awareness of climate change ( Fig. 1) and located countries on a typology gradient, ranging from high-risk and high awareness to low-risk and low awareness (Fig. 1) . This typology gradient presents a novel lens to use for investigating countries' adaptive capacity (Fig. 1 , and full list in the Supplementary Information).
On average, HRHA countries tend to have lower GDP, higher inequality, lower GHG emissions, and smaller population sizes than HRLA countries. LRHA countries are all from higher gross national income countries (World Bank Classification), with higher GDP, higher GHG emissions, and a lower Gini coefficient (a measure of inequality), compared with LRLA countries (Table 1) .
Using the World Bank Classifications based on the gross national income as a proxy for resource availability (see Supplementary Information 1 and 4) , we found that within the HRHA type, countries varied in their resources availability, which may influence their potential to adapt to climate change. There are countries of this type that have a low gross national income (n = 22) and lower-middle gross national income (n = 27) according to the World Bank Classifications, which could suggest tractable options for international resource and funding allocation efforts as awareness and vulnerability is high, but the capacity to resource climate change adaptation is low for these nations (Table 1) .
There was a mismatch between some countries and their relationship between climate change vulnerability and climate change awareness; however, we identified a broader overall correlation, which suggests that climate vulnerability is positively associated with online awareness of Bclimate change^(specifically the relative search volume of each country). Pearson's rank correlations identified this positive trend between vulnerability and awareness (r 2 = 0.77), and using Theil-Sen nonparametric, we found this positive relationship to be significant (r 2 = 0.77, p = < 0.001). We also found positive correlation suggesting that internet access and GDP are also positively correlated with higher online awareness of climate change (r 2 = 0.81; r 2 = 0.84, respectively). The geographically weighted regression also identified a relationship between climate change vulnerability and online awareness of Bclimate change( r 2 = 0.67). This suggests that there are spatial patterns associated with the relationship between climate vulnerability and the countries' online awareness of Bclimate change^(see Supplementary Information 5, 6, 7). 
Discussion
Overall, we show that a novel big data approach can be used to group countries into a typology gradient to represent countries' relationship between awareness of climate change and their risk of climate change impacts. Beyond this, we also find that individuals in countries at risk from climate change tended to query Google for Bclimate change^-related search terms more than low-risk countries. Within the climate change literature, frameworks to guide international finance and resource allocation have been proposed (Stadelmann et al. 2014; Muccione et al. 2017) . Insights from this analysis can be augmented with current methods to assess climate vulnerability and adaptive capacity (Muccione et al. 2017; Cinner et al. 2018 ) to aid in the allocation of climate change relief funding and resources (Stadelmann et al. 2014) or to supplement current methods to assess climate change awareness and risk perception by providing information about climate vulnerability and magnitude of climate change awareness (Lee et al. 2015) . This may help to identify countries where there is a policy opportunity window, to enhance decision-making in practices or to tailor policy and programs toward the specific barriers that countries face. The majority of countries in this study (56%) fell within the HRHA type, yet two clear groups emerged with marked differences in their potential adaptive capacities. Solomon Islands, Ethiopia, Vanuatu, Zimbabwe, Nicaragua, and Uganda are some of the countries with low resource availability-thus potentially lower adaptive capacity-within this type (lower and lower-middle GNI). These countries could be Beasy wins^for the dissemination of climate change adaptation funding and resources (Stadelmann et al. 2014; Muccione et al. 2017 ), as funding is potentially one of the primary barriers preventing climate change adaptation efforts within these countries. Additionally, HRHA countries that have a high-or upper-middle GNI, such as Fiji, Cuba, Australia, Botswana, Mexico, South Africa, and Croatia, could be mentors and leaders in the dissemination of climate change adaptation funds at an international level, and national funding and resources could be distributed toward climate adaptation under appropriate policy guidance through mechanisms such as the COP (see Supplementary Information for the full list of countries by type).
Mediating the impacts of climate change in vulnerable countries is a key priority for national and international policy makers (Stadelmann et al. 2014; Muccione et al. 2017) . However, as 30% of countries within this study fall within the HRLA type, directing climate change adaption policy toward these countries may prove to be challenging due to those countries' poor relative awareness of the issue. Most HRLA countries, such as Israel, France, Italy, Saudi Arabia, Brazil, Malaysia, and the Netherlands, have high-or uppermiddle GNI, which could suggest that raising the relative awareness of the impacts of climate change within these countries could lead to a redirection of internal funds to finance climate change adaption nationally. Fewer countries (27%), such as Indonesia, India, Morocco, and Pakistan, are lower-middle GNI countries within the HRLA type. Such countries, with low awareness of climate change issues and low adaptive capacity due to lower GNI, are likely to be key areas where significant work is needed to facilitate climate change adaptation. Interestingly, these HRLA countries have the highest CO 2 emissions of all typology groups (Althor et al. 2016) . Promoting climate change adaptation within these countries is vital, as they have a high-risk of climate impacts, but adaptation would require both the raising of awareness and financial aid.
According to the COP Paris Agreement, developed countries are required to provide financial resources to assist developing countries with both mitigation and adaptation (UNFCCC 2015) . In this study, only 14% of countries fell within low-risk categories (low awareness = 15, high awareness = 7). Countries with LRHA status, such as Canada, the USA, New Zealand, and Germany, all have higher GNIs. These countries could be important for stimulating revenue to support international efforts to promote climate change adaptation. However, further research should be undertaken to elucidate the links between countries' heightened awareness of climate change issues and how this translates into their support of international climate change issues (e.g., the USA is an outlier here with high awareness but low political, financial, or technical support). LRLA countries' spanned different GNI levels: Japan, Sweden, and Poland (high GNI); China and Russia (upper-middle GNI); and Ukraine and Kyrgyzstan (lower-middle GNI). Gaining support for contribution toward the Paris Agreement may be most challenging in these countries.
In the case of adaptation to climate change, using big data and culturomics approaches is widely applicable in many areas of decision-making. Big data approaches such as those used in this study are flexible and can be used to rapidly run similar analyses using different climate, biodiversity, or biophysical data, or over different time periods, to reclassify countries to augment other information and facilitate decision-making. However, we acknowledge the limitations of such country-level approaches and the detail that can be overlooked at this scale due to making generalizations. At a country-specific level, we also acknowledge that there are other governance processes, beyond funding, (e.g., regulatory quality, legal systems, rule of law (as per the World Governance Indicators)) that will influence resource mobility, priority setting, and resource allocation toward climate change budgets. Additionally, information synthesized from Google should be taken with reservations in countries which place restrictions on internet search engines such as Google (e.g., China). Google search data also does not provide insights into countries' policy positions on climate change-related issues, which can be more easily gleaned using other methods of data collection such as interviews, qualitative surveys, and polling. However, Google search data may provide advantages over more traditional survey methods that may be limited by their infrequency (e.g., yearly polls), by the number of participants or by their reliance on stated preferences (e.g., using the Gallup World Poll) (Lee et al. 2015) . Google search queries are insights into revealed behaviors and can quantitatively measure the magnitude of awareness of an issue, rather than relying on stated preference type approaches. Ideally, the two types of data collection approaches could be used together in a mixed-method approach to both quantitatively and qualitatively inform climate change awareness. As technology and the internet become more accessible, leveraging Google search data to further assess awareness could be a useful tool alongside and to supplement other methods of assessing climate change awareness and countries' potential adaptive capacities to climate change.
Culturomics insights have been used in other fields as a Bpre warning^system for disease outbreaks (Burler 2013) , future product/service demand (Lassen et al. 2014) , and predicting public opinion on different social issues (Stephens-davidowitz 2014; Lee et al. 2015) . The culturomics insights generated by this analysis could be paired with more traditional types of information to target climate change relief investments where it is most needed and guide engagement effectively to work toward reducing climate change risk. This could be done through communicating risk, improving methods for eliciting risk perception, and providing a basis for anticipating public responses to climate change-related hazards.
